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We report room temperature ferromagnetism in single crystal Ce1__A.CoA.0 2__<5 (xssO.OS) films 
deposited on a LaAlC^OOl) substrate. Films were grown by a pulsed laser deposition technique and 
were thoroughly characterized using x-ray diffraction, high-resolution transmission electron 
microscopy coupled with electron energy loss spectroscopy and scanning transmission electron 
microscopy-Z contrast, x-ray photoelectron spectroscopy, optical transmission spectroscopy, and 
magnetic measurements. These films are transparent in the visible regime and exhibit a very high 
Curie temperature ~740-875 K with a giant magnetic moment. Our results indicate that the 
ferromagnetic property is intrinsic to the C e02 system and is not a result of any secondary magnetic 
phase or cluster formation. © 2006 American Institute o f  Physics. [DOI: 10.1063/1.2193431]
Spintronics is a fast emerging field that utilizes both 
charge as well as the spin degrees of freedom of electrons. It 
has the potential to enormously enhance data processing and 
the storage capacity of present-day devices. The most critical 
step in the functioning of a spintronic device is the injection 
and detection of spin-polarized carriers at the ferromagnet- 
semiconductor interface. Despite considerable efforts, the ef­
ficient injection of spins into nonmagnetic semiconductors 
still continues to be a challenging problem. In order to solve 
this problem, it is desirable to have ferromagnetic semicon­
ductors, which can integrate the spin functionality of elec­
trons with semiconducting characteristics of the material.
The quest for the search of ferromagnetic semiconduc­
tors is not new; the very first report about the observation of 
ferromagnetism in semiconductors came as early as 1961 
when Matthias et al.1 reported ferromagnetism in europium 
chalcogenides EuX (X: O, S, Se) with Tc~ 6 9  K. Later on, 
low temperature (<300 K) ferromagnetism was observed in 
several other compound semiconductor materials2-4 when 
doped with a small amount of transition metal elements. Re­
cently, extensive research has been performed on diluted 
magnetic semiconductor (DMS) systems, with the major fo­
cus on creating room temperature ferromagnetic (RTF) semi­
conductors. A major boost to these efforts was realized by a 
theoretical work by Dietl et al.5 in which they predicted the 
RTF in Mn doped ZnO and GaN. Just within a few years of 
this work, RTF has been observed in several DMS 
systems6-9 containing a small amount of transition metal el­
ements doped in semiconducting matrices.
Most of the room temperature ferromagnetic DMS ma­
terials discovered so far have noncubic crystal symmetry. 
However, it is anticipated that if one can introduce room 
temperature ferromagnetism in cubic systems, then it will 
facilitate the integration of spintronic devices with advanced 
silicon based microelectronic devices. In this letter, we report
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the observation of RTF in a face centered cubic system hav­
ing a fluorite crystal structure. The system consists of a ma­
trix of cerium oxide (Ce02) doped with a small amount of 
cobalt. Cerium oxide is a transparent rare-earth oxide pos­
sessing a high dielectric constant (s = 26) that is closely lat­
tice matched with silicon.
C e ^ C o j.O ^  films were grown on LaAlO, (001) sub­
strates by a pulsed laser ablation of highly dense pellets. 
Films were characterized using x-ray diffraction, high- 
resolution transmission electron microscopy (HRTEM), 
x-ray photoelectron spectroscopy (XPS), and optical absorp­
tion spectroscopy at room temperature. Magnetic property 
measurements were performed using two different tech­
niques: in the temperature range 5-300 K a superconducting 
quantum interference device (SQUID) magnetometer was 
used, while in the temperature range 300-900 K, we em­
ployed a vibrating sample magnetometer (VSM).
An x-ray diffraction pattern of the C e ^ .C o jO ^  films 
showed diffraction peaks corresponding to a (0 0 1 ) family of 
planes only indicating a strong c axis alignment of the film. 
A high-resolution cross-sectional TEM image from a 
CeogyCooojO^/LaAlO, interface is shown in Fig. 1(a), the 
inset shows the fast Fourier transform (FFT) pattern from a 
part of the film. Selected area electron diffraction (SAED) 
patterns from the CeogyCooojO^/LaAlOj interface are 
shown in Fig. 1(b). Well-aligned spots demonstrate very 
good crystal quality and a phase purity of the 
CeogyCooojO^ films. Indexing of these patterns gives the 
following orientational relationship between the film and 
substrate: [0 0 1 ]CeOJI[0 0 1 ]LaAIOi and [2 2 0 ]CeOJI[0 2 0 ]LaAIOi. 
This implies that the c axis (out of plane) of C e02 is parallel 
to the c axis of LaAlO, with a 45° in-plane rotation between 
the film and the substrate, where the {2 2 0 } planes of the film 
are aligned with the {2 0 0 } planes of the substrate via domain 
matching epitaxy. 10 Our x-ray photoelectron spectroscopy 
(XPS) results showed that in these films cobalt ions are
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FIG. 1. (a) HRTEM image from a Cei)97Coi)i)j0 2 „^/LaA 1 0 j interface. The 
inset shows FFT from a region marked in the figure, (b) Cross-sectional 
SAED pattern from Cei)9 7Coi)i)?0 2 „^/LaA 1 0 ? combined.
present in the mixed valence state, with C.o2+ and C.o3+ 
existing together.
Figure 2 shows the optical transmittance data for a 
C.eo.c^ Coo.ojOj-.,.'* film. For comparison, we have also shown 
the corresponding data for undoped C.e02. As can be seen in 
this figure, the absorption edge for C.e0 97C.o0 is lo­
cated at a slightly lower wavelength compared to undoped 
C.e02. This shift in the absorption edge again confirms the 
matrix incorporation of cobalt in the system. In the inset, we 
have shown an optical image demonstrating the high trans­
parency of the Ce0 97Co0 film in the visible range of 
the spectrum. A sharp absorption peak at 360 nm corre­
sponds to an optical gap of 3.4 eV and can be associated 
with the electronic band structure of CeCK.11'1* In the band- 
gap regime the optical spectrum is strongly affected by in­
terference effects and clearly distinguishable interference 
fringes can be envisaged. Above the wavelength of 700 nm, 
a dip in the transmission data is observed, which suggests the 
presence of a significant amount of midgap defect states in 
the system. Earlier studies about defect states in C.e02 have
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FIG. 3. Magnetization loop (M  vs //) for CeiW7Co()i)-,0 2 _.,s at different 
temperatures.
also shown that it is quite prone to oxygen vacancies, while 
it still retains its fluorite crystal structure over a wide range 
of nonstoichiometric compositions through the inclusion of 
oxygen vacancies. 11” 13
In Fig. 3, we have shown typical magnetization versus 
field curves of Ceo^CoQ.ojOj-.,? at different temperatures. 
As evident from this figure, Ceo.97C.Oo.o3 0 2.-.<5 exhibits room 
temperature ferromagnetism. Figure 4 shows the magnetiza­
tion of a Ce0 97Co0 film as a function of temperature. 
Magnetization at 5 K is 6.1 ±0.2^B/Co atom and remains 
quite constant up to about 500 K. Above 500 K it stalls in­
creasing and attains a maximum value of 8.2±0.2/u,B/Co 
atom at around 725 K. Beyond this temperature the magne­
tization drops monotonically showing a Curie temperature at 
about 875 K. An occurrence of such a high transition tem­
perature with a giant magnetic moment in transparent 
Cei^-C.OjOj.^ films is remarkable. This is the highest mo­
ment of cobalt ever observed in any oxide system and is even 
higher than that reported recently by Ogale et al.9 in Co 
doped Sn0 2 films. The inset of Fig. 4 shows the magnetiza­
tion of a Ceo.ttfCoo.osOi-^ film as a function of temperature. 
It is clear from the figure that the net magnetic moment of a 
Ceo.ttfCoo.osOi-^ film is slightly less than that of a 
C.e0,97Co0.(bOj-.,? film and it exhibits a rather different tem­
perature dependence. The dashed line represents the extrapo­
lated curve obtained by fitting low temperature data to the 
standard M  vs T  relation for a ferromagnet. From this analy­
sis, we obtained a transition temperature of 725 K. Since we 
did not observe any kind of nanoclusters in the HRTEM, we 
infer that the presence of nanoclusters could not be the cause 
of the observed high-temperature ferromagnetism. Further-
FIG. 2. Optical transmission spectra from the Cei)97Coi)i)j0 2 „^ and C e02„  ^
films. The inset shows an optical image demonstrating the high transparency 
of the Ce()9 7Coi)()-i0 2 „  ^ film in the visible range of the spectrum.” ---- ' ----led *- - - -  "  --
FIG. 4. Saturation magnetization as a function of temperature for 
CeiW7Co,).i)?0 2 _fr The inset shows the magnetization of the Ce() <,,&,) i),0 2 _.,s
.............. _ _ _ film as a function of temperature.
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more, if nanoclusters were of such a small size that they 
could not be detected by the HRTEM, then they should ex­
hibit superparamagnetic behavior with a much lower block­
ing temperature, which was not the case.
A cobalt ion (Co2+ as well as Co3+) can exist in two 
different spin configurations, namely, the high spin state and 
the low spin state. If it is in the low spin state, then the 
maximum spontaneous moment (assuming it is in the Co2+ 
state) it can have is M ~ U f j , B [M=g/j,B^S(S+l): g= 2, 
S = I /2 ] . 14 On the other hand, if Co ions are in high spin 
states, S can have the maximum value of 2 (assuming all Co 
ions to be in the Co3+ state), which will result in the sponta­
neous moment of ~4.9/j,b . These moments are much smaller 
than the observed values. Now, if we consider the possibility 
that in our films orbital moments of Co are unquenched, then 
the maximum net angular momentum of Co will be 
J= L + S= 4 and it will possess a spontaneous magnetic mo­
ment of M~6.7fMB [M=gfMB\rJ(J+l): g = 3/2, 7=4 ] . 14 This 
value is very close to the magnetic moment observed at low 
temperatures, however, the maximum magnetic moment of 
the system (at 740 K) is still higher by about 22%. This 
implies that the observed magnetic moment at higher tem­
peratures not only is from Co ions, but also has a significant 
contribution from the surrounding C e02, which has been 
magnetically polarized. If we assume that Co is in a high 
spin state with an unquenched orbital angular momentum 
and we attribute an extra magnetic moment to Ce then each 
formula unit of C e02 will have a net moment of 0.05^b-
The observation of unquenched orbital moments of co­
balt in an insulating oxide matrix is quite rare though this 
phenomenon has quite often been observed in cobalt doped 
in alkali metals. 1:1 As a matter of fact, in the isolated state, 
atoms of almost all the transition metal elements possess 
large orbital as well as spin magnetic moments. But in the 
solid state, because of hybridization and crystal field split­
ting, these moments get reduced. Diluted magnetic systems 
lie in between these two extremes. In these materials (pro­
vided individual transition metal atoms are far apart) the 
magnetic moment can still remain unquenched. However, in 
these systems even a slight increase in the dopant concentra­
tion is likely to result in the progressive quenching of the 
orbital moments due to the enhanced interaction among the 
dopant atoms. The decrease in the magnetic moment for our 
higher Co doped film fits very well with the above picture 
supporting the presence of unquenched orbital moments.
In insulating materials, magnetic ordering is usually 
caused by superexchange coupling, but the coupling results 
in anti ferromagnetic ordering. Another plausible mechanism, 
which has recently been proposed to explain the ferromag­
netism in some transparent oxides is an F-center mediated 
exchange mechanism. An F center consists of an electron 
trapped in an oxygen vacancy. Electrons in an F center re­
main effectively bound to a positively charged center and 
possess a spectrum of energy levels. Since earlier electron 
spin resonance experiments have shown the abundance of F 
centers in C e02 (as a result of the trapping of electrons in 
oxygen vacancies) ,16 we believe this mechanism also plays 
an important role in the Ce1_vCov0 2 films. For F centers, the 
radius of the electron orbital is given by ~ a Qs, where aQ is 
the Bohr radius and e is the dielectric constant of the mate­
rial. In CeO, (e=26) the radius of the F electron orbital is
estimated to be ~  14 A, which is sufficiently large to mediate 
ferromagnetic coupling among Co ions.
Another aspect that needs to be further addressed is the 
magnetic polarization of the C e0 2 matrix. The mechanism 
responsible for this behavior is not very clear at this moment. 
However, we speculate that it could be arising because of the 
transfer of some electrons from the impurity bands to the 
empty 4 /  bands of Ce4+ at higher temperatures. This specu­
lation is supported by the unusual shape of M  vs T  curves, 
where an increase in the value of magnetization is observed 
at a higher temperature. Further spectroscopic investigations 
are needed to understand this aspect fully. At this point we 
find it relevant to mention that a similar kind of magnetic
17polarization has recently been reported in another highly 
insulating dielectric system (Hf02).
In conclusion, we have observed high temperature ferro­
magnetism in Ce1_vCov0 2_  ^ films grown by a pulsed laser 
deposition technique on the LaA103(00!) substrate. These 
films are transparent and exhibit a giant magnetic moment. 
Our results show that in these films not only the orbital mag­
netic moment of cobalt remains unquenched but also the 
C e02 matrix gets magnetically polarized. We believe that the 
observation of high temperature ferromagnetism with such a 
high magnetic moment and transition temperature in a lightly 
doped high-£ dielectric material represents a groundbreaking 
step in the field of spintronics.
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